I. I n t r o d u c t i o n :
The i n t e r f a c e s discussed i n t h i s paper are those between a c r y s t a l and vacuum o r a l o w pressure vapor. These ' e x t e r n a l ' surfaces have been studied much more e x t e n s i v e l y than those between condensed phases. From the e x p e r i m e n t a l i s t ' s viewpoint they are more accessible and t h e wealth o f data now a v a i l a b l e has encouraged t h e o r i s t s t o make major e f f o r t s i n computation ( 1 y 2 ) o f surface properties. A wide v a r i e t y o f surface phase t r a n s i t i o n s have been documented and some r a t h e r sophisticated models o f these phenomena e x i s t i n the l i t e r a t u r e .
I n many respects t h e modelling o f surface phase t r a n s i t i o n s i s more advanced than t h a t f o r 3-dimensional systems mainly due t o the mathematical s i m p l i f i c a t i o n s introduced by the reduced dimensionality.
I n t h i s paper a few examples o f surface phase t r a n s i t i o n s are described.
I n most cases i t i s easy t o imagine s i m i l a r o r r e l a t e d phenomena occurring a t i n t e r n a l boundaries. The phase t r a n s i t i o n s discussed i n v o l v e ( i ) surface reconstructions, ( i i ) atomic roughening, ( i i i ) atomic step c l u s t e r i n g and f a c e t t i n g , ( i v ) adsorbed overlayer s u p e r l a t t i c e s , ( v ) segregated l a y e r s on a1 l o y c r y s t a l s and ( v i ) 2-dintensional adsorbed a1 loys.
S t a b i l i t y and Coexistence o f Surface Phases
The s t a b l e s t r u c t u r e s t h a t e x i s t a t a surface are those which are i n e q u i l i b r i u m w i t h the b u l k and vapor phases as w e l l as w i t h each other. I t i s indeed r a r e t h a t t h i s s t a t e o f thermodynamic e q u i l i b r i u m i s achieved so t h a t the m a j o r i t y o f surface phases observed are i n some respect metastable. This i s o f course a l s o t r u e o f b u l k phases. T r a n s i t i o n s among surface phases may be l i m i t e d
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JOURNAL DE PHYSIQUE by n u c l e a t i o n o r atom t r a n s p o r t processes w h i l e volume d i f f u s i o n , a d s o r p t i o n and d e s o r p t i o n r a t e s may l i m i t communication between t h e s u r f a c e and t h e n e i g h b o r i n g b u l k phases. The s u r f a c e r e g i o n may t h e r e f o r e behave i n extreme cases e i t h e r as an open o r a c l o s e d system i n t h e thermodynamic sense. I n t h e f i r s t case chemical p o t e n t i a l s can be c o n t r o l l e d through vapor pressures o r a l l o y composition w h i l e i n t h e second case t h e s u r f a c e chemical p o t e n t i a l s w i l l g e n e r a l l y d i f f e r f r o m those i n t h e b u l k phases and w i l l be determined by t h e ( f i x e d ) average d e n s i t y and composition o f t h e s u r f a c e region. Examples o f b o t h extreme s i t u a t i o n s w i l l be mentioned l a t e r i n t h e paper. F o r s u r f a c e (and i n t e r f a c i a l ) phases, pressure and volume a r e n o t u s e f u l v a r i a b l e s .
D i f f e r e n t conventions f o r d e f i n i n g s u r f a c e thermodynamic i n v o l v e somewhat a r b i t r a r y assignments t o t h e s u r f a c e volume, a problem t h a t c l e a r l y a r i s e s f r o m t h e f a c t t h a t t h e p h y s i c a l e x t e n t o f t h e s u r f a c e phase may be comparable t o t h a t o f t h e t r a n s i t i o n r e g i o n t h a t separates i t f r o m t h e b u l k . The s u r f a c e tension, y, and area, A, are, however, w e l l d e f i n e d q u a n t i t i e s and e s s e n t i a l l y r e p l a c e pressure and volume f o r s u r f a c e phases. The 
S t r u c t u r a l T r a n s i t i o n s o f Clean Surfaces
The atomic s t r u c t u r e o f crystal-vacuum i n t e r f a c e s has been studied by a f a i r l y impressive a r r a y o f experimental methods i n c l u d i n g s c a t t e r i n g o f e l e c t r o n s (13), x-rays ( I 4 ) , atoms o r molecules ( I 5 ) and ions (I6) as w e l l as h i g h r e s o l u t i o n techniques o f f i e l d i o n ( I 7 ) and scanning t u n n e l i n g microscopies.
A t clean surfaces the atomic s t r u c t u r e often d i f f e r s from t h a t expected f o r an i d e a l l y terminated c r y s t a l . Examples o f these deviations are b r i e f l y discussed.
C5 -35 4 JOURNAL DE PHYSIQUE ( i ) Surface Reconstruction
Several types of atomic rearrangements i n the topmost l a y e r ( s ) o f a c r y s t a l from those i n corresponding b u l k planes have been i d e n t i f i e d . I n many cases t h e r e i s an o v e r a l l expansion o r c o n t r a c t i o n o f t h e i n t e r p l a n a r spacings i n the surface 'layers normal t o the surface; the measurements o f such contractions requires very c a r e f u l s c a t t e r i n g measurements and analyses ( I 3 ) . . The formation o f surface s u p e r l a t t i c e s i s g e n e r a l l y easier t o e s t a b l i s h through the appearance o f e x t r a r e f l e c t i o n s i n surface d i f f r a c t i o n patterns ( I 9 ) and i t i s these surfaces w i t h longer period s t r u c t u r e s which a r e r e f e r r e d t o as reconstructed.
Among the most studied surfaces showing r e c o n s t r u c t i o n are the (100) and (111) surfaces of S i (20 '21) . Some o f these r e s u l t s are summarized i n Figure ( 3) (25y26) 
i t a t i v e l y c o n s i s t e n t w i t h the experimental observations t h a t t h e (2x1) r e c o n s t r u c t i o n p e r s i s t s t o h i g h
temperatures w h i l e the (4x2) phase disorders t o (2x1) near room temperature.
The S i ( l l 1 ) surface a l s o e x h i b i t s reconstructed phases. The (2x1) observed on cleaved surfaces i s metastable and transforms t o the s l i g h t l y lower energy (7x7) surface on annealing; the t r a n s i t i o n between (7x7) and (1x1) i s i n t h e region o f 850°C. The s t r u c t u r e s o f these phases have been t h e subject o f a very l a r g e experimental (") and t h e o r e t i c a l e f f o r t and w e l l supported models o f the reconstructed phases now e x i s t .
( i i ) The Roughening T r a n s i t i o n
On an i d e a l ( o r reconstructed) surface a t low temperatures the coordinates o f a l l surface atoms can be p r e d i c t e d from those o f one u n i t c e l l . However, as temperature i s increased and p o i n t and o t h e r defects are spontaneously created due t o the accompanying increase i n entropy the surface may become d i f f u s e o r rough so t h a t c o r r e l a t i o n i n t h e normal coordinates o f p a i r s o f outermost atoms diminishes. For a surface o f i n f i n i t e l a t e r a l e x t e n t the width o f the c r y s t a l vacuum i n t e r f a c e would diverge as t h e c r i t i c a l roughening temperature i s approached. Burton, Cabrera, and ~r a n k (~O ) developed a theory f o r t h i s roughenin, t r a n s i t i o n based on an adaptation o f the I s i n g model and more recent a n a l y t i c a l 
I t i s g e n e r a l l y agreed t h a t the close packed surfaces o f most 'simple' c r y s t a l s do n o t show appreciable roughening below the m e l t i n g p o i n t . However the theory (31) s t r o n g l y suggests t h a t v i c i n a l and high index planes w i t h lower average surface coordination may e x h i b i t s i g n i f i c a n t roughening. Recent measurements o f t h e i n t e n s i t y p r o f i l e s o f He d i f f r a c t i o n beams (33'34) over a range o f temperatures have been used t o e x t r a c t parameters c h a r a c t e r i z i n g surface roughness. I f the f u n c t i o n expressing the c o r r e l a t i o n i n h e i g h t between any two p o i n t s on the surface i s expressed as a power law i n the inverse o f t h e distance between t h e two p o i n t s the exponent i s found (34) t o vary w i t h temperature f o r

,, a t s450K i s i n t e r p r e t e d as i n d i c a t i n g the onset o f roughness. It i s n o t ' e n t i r e l y c l e a r , however, t h a t the observed s c a t t e r i n g e f f e c t s a r e i n f a c t due t o spontaneous k i n k formation. An experiment combining the d i f f r a c t i o n method w i t h STM observations o f the c o n f i g u r a t i o n o f step edges would be extremely i n t e r e s t i n g . ( i i i ) Atomic
Step C l u s t e r i n g and F a c e t t i n g
Surfaces v i c i n a l t o low index planes o f close-packed c r y s t a l s a r e made up o f a r r a y s o f atomic s t e p s and t e r r a c e s . Such s u r f a c e s g i v e r i s e t o c h a r a c t e r i s t i c s p l i t t i n g o f LEED beams (35336y37), (as i l l u s t r a t e d i n f i g u r e ( 6 )
( 3 8 ) ) , w i t h t h e magnitude o f t h e d i f f e r e n c e i n s c a t t e r i n g v e c t o r between t h e F i g u r e 6. LEED p a t t e r n s f r o m a v i c i n a l s u r f a c e o f Ni. The beam s p l i t t i n g corresponds t o t h e average t e r r a c e dimension. beams r e f l e c t i n g t h e peak i n t h e d i s t r i b u t i o n o f t e r r a c e dimensions. JOURNAL DE PHYSIQUE F a c e t t i n g may be viewed as an extreme case o f s t e p rearrangement i n which an i n i t i a l l y f l a t s u r f a c e undergoes a morphological t r a n s i t i o n t o one composed o f e x t e n s i v e r e g i o n s o f two o r more s u r f a c e o r i e n t a t i o n s . Most t r a n s i t i o n s o f t h i s t y p e f o r metal surfaces,seem t o be associated w i t h t h e presence o f an adsorbed l a y e r b u t t h e s u r f a c e t e n s i o n o f some i o n i c and c o v a l e n t c r y s t a l s i s s u f f i c i e n t l y a n i s o t r o p i c t h a t f a c e t t i n g occurs on c l e a n surfaces o f these m a t e r i a l s . An i n t e r e s t i n g example i s t h e f a c e t t i n g o f S i surfaces near (210) 
I n d i v i d u a l steps on such a s u r f a c e w i l l meander i n two dimensions so t h a t n e i g h b o r i n g steps w i l l have p o i n t s o f c l o s e approach. I f t h e mean i n t e r a c t i o n between steps i s a t t r a c t i v e t h e r e w i l l be a tendency toward low temperature c l u s t e r i n g whereas a t s u f f i c i e n t l y h i g h temperature a s i n g l e s t e p a r r a y ( o f h i g h e r c o n f i g u r a t i o n a l e n t r o p y ) w i l l be favored. F i g u r e ( 7 ) (39) shows t h e average t e r r a c e w i d t h as a f u n c t i o n o f temperature deduced from d i f f r a c t i o n p a t t e r n s o f t h e t y p e shown i n (6a) and (6b). The observed h y s t e r e s i s a s s o c i a t e d w i t h temperature c y c l i n g c o u l d
r Waals p o t e n t i a l s t o t h e substrate. Rare gases on t h e g r a p h i t e basal plane have been w i d e l y s t u d i e d by s t r u c t u r a l and thermal techniques. For these systems t h e h e a t o f a d s o r p t i o n i s s u f f i c i e n t l y small t h a t low coverages can be obtained i n t h e e a s i l y a c c e s s i b l e gas pressure range; w i t h s t r o n g l y chemisorbed molecules (heats o f a d s o r p t i o n
; 2eV) extremely small e f f e c t i v e gas pressures a r e r e q u i r e d f o r e q u i l i b r i u m coverages s i g n i f i c a n t l y below a monolayer. . 
F i g u r e (8) (43) shows a s e t o f a d s o r p t i o n isotherms f o r Xe on g r a p h i t e ; t h e a b r u p t increase i n coverage f r o m a low value t o t h a t o f a dense ordered o v e r l a y e r
(2x2). Whether t h e gap t e r m i n a t e s w i t h a c r i t i c a l p o i n t o r a e u t e c t o i d i s n o t
w e l l e s t a b l i s h e d a t t h i s time. T h i s i s a p a r t i c u l a r l y i n t e r e s t i n g t y p e o f diagram i n connection w i t h t h e e f f e c t o f S on t h e r e a c t i o n o f t r a n s i t i o n metals w i t h oxygen.
